Introduction {#Sec1}
============

Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common genetic diseases and occurs in 1:1000 to 1:400 individuals, affecting estimated 12.5 million people worldwide \[[@CR1], [@CR2]\]. ADPKD is caused by mutations in *Pkd1* (\~85% of cases) or *Pkd2* (\~15% of cases), which encode polycystin-1 or polycystin-2, respectively \[[@CR3], [@CR4]\]. ADPKD is characterized by the continuous development of renal fluid-filled cysts derived from tubular epithelial cells \[[@CR5]\]. The growth of cysts results in the severe destruction of the renal parenchyma and ultimately leads to the loss of renal function and kidney failure \[[@CR6]\]. Patients with ADPKD may develop end-stage renal disease (ESRD) by 60 years of age. ADPKD is considered as the fourth most common renal disease requiring renal replacement therapy \[[@CR7], [@CR8]\] due to the very limited pharmacological approaches that are effective in preventing or reversing PKD progression \[[@CR9]\]. Although tolvaptan was approved by the Food and Drug Administration (FDA) in 2018 for treating ADPKD, the potential side effects are still of concern \[[@CR10]\]. Thus, advances in research are still required to discover promising therapeutic agents for ADPKD \[[@CR11]\].

Our previous study found that *Ganoderma* triterpenes (GT), the major secondary metabolites of *Ganoderma lucidum* (*G. lucidum*), have pharmacological activity that inhibit renal cyst development in PKD mainly by promoting cyst epithelial cell differentiation and downregulating intracellular cyclic adenosine monophosphate (cAMP) levels and the Ras/mitogen-activated protein kinase (Ras/MAPK) pathway \[[@CR12]\]. However, owing to the diverse components and complex structures of GT, which consist of hundreds of single compounds, it is still unclear what compounds in GT are mainly responsible for anti-cyst pharmacological activity \[[@CR13]\]. The pharmacological study of the purified triterpene monomer will determine the key component of GT and increase the understanding of its critical anti-cyst effect, which will benefit the development of new drugs for treating ADPKD.

Several studies have shown that Ganoderic acids (GA) are the major components of GT \[[@CR14]\] and exhibit extraordinary pharmacological activities, especially anticancer activity, that affect multiple signaling pathways involved in the pathogenesis of ADPKD \[[@CR15]--[@CR18]\]. Hence, in this study, 12 monomers were isolated from GA, and their anti-cyst activity was assessed using in vitro and in vivo cyst models \[[@CR19]\]. The experimental results showed that GA-A had optimal inhibitory activity against cyst development, suggesting that GA-A might be the active GT ingredient. It was also confirmed that GA-A was able to attenuate renal cyst development by downregulating the Ras/MAPK signaling pathway and cell proliferation. The data in this study suggest that GA-A might be a promising candidate drug for treating ADPKD.

Materials and methods {#Sec2}
=====================

Chemicals and reagents {#Sec3}
----------------------

All 12 GA monomers listed in Table [1](#Tab1){ref-type="table"} were kindly provided by the JUNCAO Technology Research Institute of Fujian Agriculture and Forestry University. The purity of the GA monomers was determined by HPLC to be greater than 98%.Table 1Information of 12 puried GA monomers.![](41401_2019_329_Tab1_HTML.gif){#d30e423}

Forskolin (FSK) and 8-bromoadenosine 3′,5′-cyclic monophosphate (8-Br-cAMP) were obtained from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) to prepare a 100 mM stock solution, which was stored in a freezer at −20 °C. The following antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA): anti-B-raf (sc-166), anti-Raf-1 (sc-227), anti-p-ERK (sc-7383), anti-ERK2 (sc-154), anti-Egr-1 (sc-110), and anti-c-fos (sc-253). The antibody against GAPDH (AC033) was purchased from ABclonal (Wuhan, China), and the antibody against proliferating cell nuclear antigen (PCNA) (D3H8P) was purchased from Cell Signaling Technology (Danvers, MA). The goat anti-mouse IgG was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The goat anti-rabbit IgG was purchased from Cell Signaling Technology (Danvers, MA, USA).

Cell culture {#Sec4}
------------

Type I Madin-Darby canine kidney (MDCK) cells were purchased from the American Type Culture Collection (ATCC, VA, USA). The type I MDCK cells were cultured in Dulbecco's modified Eagleʼs medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM glutamine, and 1% penicillin-streptomycin at 37 °C in a humidified cell culture incubator with 5% CO~2~ and 95% air. The cells were seeded at a density of 2 × 10^4^ cells/mL in a 60-mm plate (Corning, NY, USA), cultured until they reached 70% to 80% confluence, and prepared for use.

Cell proliferation analysis {#Sec5}
---------------------------

A CCK-8 assay kit (Dojindo, Tokyo, Japan) was used to evaluate the cell proliferation of MDCK cells. Cells were plated in 96-well plates at a density of 1 × 10^4^ cells/well. At each time point, 100 μL CCK-8 solution diluted 1/10 with DMEM containing 10% FBS was added to each well, and the cells were incubated for 2 h at 37 °C. The absorbance at 450 nm was measured with a microplate reader (MQX200; BioTek Instruments, Winooski, VT, USA).

MDCK cyst model {#Sec6}
---------------

Approximately 400 MDCK cells were suspended in 0.4 mL of ice-cold MEM (Sigma-Aldrich, St. Louis, MO, USA) containing 2.9 mg/mL collagen (PureCol; Inamed Biomaterials, Fremont, CA, USA), 10 mM HEPES, 100 U/mL penicillin, and 100 μg/mL streptomycin (pH 7.4) in each well of a 24-well plate (Corning, NY, USA). Dulbecco's modified Eagleʼs medium-F12 medium (DMEM-F12) containing 10% FBS and 10 μM FSK without or with GA monomers was added to each well and exchanged every 12 h. The relevant procedures were performed as previously described \[[@CR20]\]. Micrographs of the cysts (≥30/group) were obtained with an inverted microscope (Nikon TE2000-S; Nikon Instruments, Melville, NY) on days 4, 6, 8, 10, and 12. The diameters of the cysts were measured and analyzed using Photoshop CS5 software (Photoshop CS5, Adobe Systems Inc. CA, USA).

Embryonic kidney cyst model {#Sec7}
---------------------------

Wild-type ICR mouse kidneys from embryonic day 13.5 were dissected and placed on Transwell filters (Corning, NY, USA) as previously described \[[@CR21], [@CR22]\]. The lower chambers were filled with DMEM-F12 medium supplemented with 2 mM *L*-glutamine, 10 mM HEPES, 5 μg/mL insulin, 5 μg/mL transferrin, 2.8 nM selenium, 25 ng/mL prostaglandin E, 32 pg/mL T3, 250 U/mL penicillin, 250 μg/mL streptomycin, and 100 μM 8′-Br-cAMP. The medium was replaced every 12 h. The kidneys were photographed using a Nikon inverted microscope (Nikon TE2000-S; Nikon Instruments, Melville, NY) every 2 days. The cyst area and total kidney area were measured using Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA). All animal experiments were conducted according to the animal protocols approved by the Peking University Health Science Center Committee on Animal Research.

ADPKD mouse model {#Sec8}
-----------------

*Pkd1*^*flox*^ mice (from the Yale PKD Center) and *Ksp-Cre* transgenic mice (from UT Southwestern O'Brien Center) with a C57BL/6 genetic background were generated as previously described \[[@CR12], [@CR23]\]. The kidney-specific Cre recombinase was expressed under the control of the Ksp-cadherin promoter. Wild-type (*Pkd1*^*+/+*^*; Ksp-Cre*) mice and kPKD (*Pkd1*^*flox/flox*^*; Ksp-Cre*) mice were generated by self-crossing of *Pkd1*^*flox/+*^*; Ksp-Cre* mice. Neonatal mice (age 1 day) were genotyped by genomic polymerase chain reaction. The wild-type and kPKD mice were each divided into 2 groups: a saline DMSO vehicle control group (0.02 mL/injection) and a GA-A group (50 mg· kg^−1^ ·d^−1^) (≥5 mice/group). The chemicals were administered by a subcutaneous injection into the backs of the mice every 24 h using a 1-mL insulin syringe. At postnatal day 4, the mice were weighed and sacrificed. Tissues were harvested and weighed.

Cell lysate preparation and Western blotting {#Sec9}
--------------------------------------------

The specific procedures used for the cell and tissue lysate preparation and Western blotting analysis were performed as previously described \[[@CR24]\]. Blots were incubated with antibodies against B-raf, raf-1, p-ERK, ERK2, Egr-1, c-fos, PCNA and GAPDH. The relative protein expression was quantified according to the optical density using ImageJ software (NIH, MD, USA). All experiments were repeated at least six times.

Statistical analysis {#Sec10}
--------------------

All results are presented as the mean ± SEM. Each experiment was performed at least 3 times. For multiple comparisons, statistical analysis was performed by using Student's *t*-test or two-way ANOVA. *P*-values \< 0.05 were considered statistically significant. The statistical analyses were plotted with GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, USA).

Results {#Sec11}
=======

GA-A was identified as the active GT monomer using the MDCK cyst model {#Sec12}
----------------------------------------------------------------------

The anti-cyst effects of GA monomers were evaluated using the MDCK cyst model. MDCK cells were cultivated in three-dimensional (3D) collagen I gels in the presence of 10 µM FSK for 5 days, during which fluid-filled cysts developed that were spontaneously surrounded by monolayer cells. Then, the cysts were incubated with 10 µM FSK and simultaneously treated with 10 µM GA monomers from day 5 to day 12. During FSK stimulation, the cysts progressively expanded to 400 to 500 µm in diameter by day 12. MDCK cyst enlargement was inhibited by Ganoderic acid A (GA-A), Ganoderic acid G (GA-G), Ganoderic acid D (GA-D), Ganoderic acid C2 (GA-C2), Ganoderic acid T (GA-T) and Ganoderic acid DM (GA-DM). The specific activity was assessed according to the cyst inhibition ratio on day 12, as shown in Table [1](#Tab1){ref-type="table"}. GA-A showed the greatest inhibitory effect (Fig. [1a, b](#Fig1){ref-type="fig"}). The cytotoxicity of the GAs at 6.25, 12.5, 25, 50, and 100 µM was evaluated in MDCK cells using a CCK-8 assay. After 24 h of treatment, the 12 GA monomers did not affect MDCK cell viability at concentrations below 100 µM (Fig. [1c](#Fig1){ref-type="fig"}). Therefore, GA-A was selected for further study.Fig. 1GA-A was identified as the active GT monomer using the MDCK cyst model.**a** Representative light micrographs of MDCK cysts in collagen gel on day 12 treated with the 12 GA monomers for the initial screening. GA-A, GA-B, GA-C2, GA-D, GA-F, GA-G, GA-DM, and GA-T are the abbreviations for Ganoderic acid A, Ganoderic acid B, Ganoderic acid C2, Ganoderic acid D, Ganoderic acid F, Ganoderic acid G, Ganoderic acid DM and Ganoderic acid T, respectively. GAD-A, GAD-B, GAD-D, and GAD-F are the abbreviations for Ganoderenic acid A, Ganoderenic acid B, Ganoderenic acid D and Ganoderenic acid F, respectively. Scale bars, 200 μm. **b** Cyst diameters after exposure to different GA monomers (10 μM) for 8 days from day 5 to day 12. Data are presented as the mean ± SEM (analysis of 30 cysts/time point). \**P* \< 0.05, \*\**P* \< 0.01 vs Ctrl (only GA-A statistical results are shown). **c** Cell viability of MDCK cells treated with 6.25, 12.5, 25, or 100 μM GA monomer for 24 h. Data are presented as the mean ± SEM. *n* = 5.

GA-A dose-dependently inhibited cyst formation and enlargement in the MDCK cyst model {#Sec13}
-------------------------------------------------------------------------------------

To determine the inhibitory activity of GA-A on cyst formation, MDCK cells were cultured in 3D collagen I gels and were treated either with or without 25 µM GA-A in the presence of 10 µM FSK over a 6-day time span. On day 6, the number of cysts (diameter \> 50 µm) and non-cyst colonies were counted. There were fewer cysts in the GA-A-treated group than in the control group (Fig. [2a](#Fig2){ref-type="fig"}). There was no difference in the total number of colonies (including colonies of cells and cysts) between the 2 groups, supporting the above results that showed that GA-A was not toxic to MDCK cells.Fig. 2GA-A dose-dependently inhibited cyst formation and enlargement in the MDCK cyst model.**a** The number of MDCK cysts and the total numbers of colonies per well untreated (Ctrl) or treated with GA-A (25 µM). Data are presented as the mean ± SEM. \*\**P* \< 0.01 *vs* Ctrl. *n* = 3. **b** Representative light micrographs of MDCK cysts in collagen gel from day 4 to day 12 that were untreated or treated with different GA-A concentrations (6.25, 25, and 100 µM). The thick black lines indicate the culture time with GA-A. Scale bar, 500 µm. **c** Diameters of cysts without (Ctrl) or with exposure to different GA-A concentrations. Data are presented as the mean ± SEM (analysis of 30 cysts/time point). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 *vs* Ctrl. **d** Cyst inhibition was reversible after GA-A was removed on day 8 (GA-A-4 d). Data are presented as the mean ± SEM (analysis of 30 cysts/time point). \*\*\**P* \< 0.001 vs the continuously GA-A-treated group.

To confirm its inhibitory effect on cyst growth, GA-A at different concentrations (6.25, 25, and 100 µM) was added at day 5 into the FSK-treated MDCK cyst culture. The cysts were photographed and measured every two days. MDCK cyst enlargement was significantly inhibited by GA-A in a dose-dependent manner (Fig. [2b, c](#Fig2){ref-type="fig"}). After removing GA-A by washing the cysts on day 8, the MDCK cysts grew quickly again (Fig. [2d](#Fig2){ref-type="fig"}), suggesting that the inhibitory effect of GA-A on MDCK cyst enlargement was reversible.

GA-A inhibited renal cyst development in an embryonic kidney cyst model {#Sec14}
-----------------------------------------------------------------------

The inhibitory effects of GA-A on renal cysts was also tested in an embryonic kidney model. Kidneys removed from wild-type ICR mice on embryonic day 13.5 were cultured on Transwell filters as previously described \[[@CR21], [@CR22]\]. In the presence of 8-Br-cAMP, numerous cystic structures rapidly developed in the cultured embryonic kidneys (Fig. [3a](#Fig3){ref-type="fig"}, top panel), while renal cyst development was significantly inhibited by 100 µM GA-A (Fig. [3a](#Fig3){ref-type="fig"}, middle panel). After 6 days of continuous photo tracking, we quantified the fractional cyst area and found that GA-A did not affect kidney growth but remarkably reduced the number and sizes of renal cysts in a dose-dependent manner (Fig. [3b, d](#Fig3){ref-type="fig"}). After removing GA-A from the embryonic kidneys on day 4, cyst growth recommenced in the 8-Br-cAMP-treated kidneys, demonstrating that GA-A slowed cyst growth reversibly without affecting the viability of the tissue (Fig. [3a](#Fig3){ref-type="fig"}, bottom panel, and Fig. [3c](#Fig3){ref-type="fig"}).Fig. 3GA-A inhibited renal cyst development in an embryonic kidney cyst model.**a** Embryonic kidneys cultured with 100 μM 8-Br-cAMP as Ctrl (top) or treated with 100 μM GA-A from day 0 to 6 (middle) or from day 0 to 4 (bottom). The thick black lines indicate the culture time with GA-A. Scale bar, 500 μm. **b** Representative light micrographs of embryonic kidneys cultivated as the negative Ctrl (left) without 100 μM 8-Br-cAMP or exposed to different GA-A concentrations (0, 6.25, 25, and 100 µM) in the presence of 100 μM 8-Br-cAMP at day 0 and day 6. Scale bar, 500 μm. **c** Fractional cyst area (%) of kidneys treated without (Ctrl) or with 100 μM GA-A from day 0 to day 6 or from day 0 to day 4. Data are presented as the mean ± SEM (*n* = 9). \*\*\**P* \< 0.001 vs. Ctrl. ^\#^*P* \< 0.05 vs the group treated with GA-A from day 0--6. **d** Fractional cyst area (%) of kidneys treated as a negative Ctrl and with different GA-A concentrations from day 0 to 6. Data are presented as the mean ± SEM (*n* = 9). \**P* \< 0.05, \*\*\**P* \< 0.001 vs GA-A (0 µM).

GA-A repressed renal cyst development in an ADPKD mouse model {#Sec15}
-------------------------------------------------------------

In the following experiments, kidney-specific *Pkd1* knockout mice (*Pkd1*^*flox/flox*^*: Ksp-Cre;* kPKD) were used to further investigate the inhibitory effects of GA-A on renal cysts in vivo. In kPKD mice, renal cysts began to appear on postnatal day 1 and resulted in progressive renal cyst disease \[[@CR23]\]. Wild-type mice (*Pkd1*^*+/+*^*; Ksp-Cre*) and kPKD mice were treated with or without GA-A. GA-A was subcutaneously injected every 24 h at 50 mg/kg per day from postnatal day 1 until day 4. During the 4 days of treatment, there were no significant differences in body weight or liver weight among the groups (data not shown). GA-A did not affect the kidney size in wild-type mice but decreased the kidney size in kPKD mice (Fig. [4a](#Fig4){ref-type="fig"}). GA-A significantly reduced the kidney index (total kidney weight/body weight) in kPKD mice (Fig. [4b](#Fig4){ref-type="fig"}). Hematoxylin and eosin staining of sections of kidneys showed that the kidneys were remarkably enlarged and contained numerous cysts in the kPKD mice. GA-A treatment reduced the sizes of the cysts and kidney masses noticeably in kPKD mice (Fig. [4c](#Fig4){ref-type="fig"}). The fractional cyst area in the kidneys of kPKD mice was decreased by approximately 40% by GA-A treatment (Fig. [4d](#Fig4){ref-type="fig"}).Fig. 4GA-A repressed renal cyst development in an ADPKD mouse model.**a** Mouse kidneys from wild-type (WT) mice and kPKD mice at postnatal day 4 were treated with vehicle or 50 mg ·kg^−1^ ·d^−1^ GA-A for 4 days. Scale bar, 5 mm. **b** Kidney index (total kidney weight/body weight). Data are presented as the mean ± SEM. *n* = 6. \*\**P* \< 0.01 vs kPKD mice treated with vehicle. **c** Hematoxylin and eosin staining of kidneys in vehicle- or GA-A-treated kPKD mice. Scale bar, 1 mm. **d** Fractional cyst area (cyst area/kidney area) in the same mice in **c**. Data are presented as the mean ± SEM. *n* ≥ 6. \*\**P* \< 0.01 vs kPKD mice treated with vehicle.

GA-A downregulated FSK-induced activation of the Ras/MAPK signaling pathway in MDCK cells {#Sec16}
-----------------------------------------------------------------------------------------

The effect of GA-A on the Ras/MAPK pathway was evaluated by Western blotting. After serum starvation, the levels of the B-raf, p-ERK, Egr-1, and c-fos signaling molecules were significantly elevated, while Raf-1 expression was remarkably decreased in MDCK cells treated with 10 µM FSK for 30 min. GA-A treatment reversed these changes in a dose-dependent manner (Fig. [5a, b](#Fig5){ref-type="fig"}). These results indicated that GA-A represents the main active component of GT, which inhibits cyst development.Fig. 5GA-A downregulated the Ras/MAPK signaling pathway in the FSK-treated MDCK cells and kidneys in the ADPKD mouse model.**a** Representative Western blotting of signaling proteins in MDCK cells treated without (Ctrl) or with 10 μM FSK; some cells were also treated with GA-A at the indicated concentrations (6.25, 25, and 100 µM) for 30 min. **b** Quantification of signaling protein expression shown in **a**. Data are presented as the mean ± SEM. *n* = 6. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 vs Ctrl. \**P* \< 0.05, \*\**P* \< 0.01 *vs* the FSK-treated group only. **c** Representative Western blotting of signaling proteins in mouse kidneys without or with GA-A treatment. **d** Quantification of signaling protein expression shown in **c**. Data are presented as the mean ± SEM. *n* = 6. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 vs the WT group. \**P* \< 0.05, \*\**P* \< 0.01 vs the kPKD group.

GA-A downregulated the Ras/MAPK signaling pathway and repressed cell proliferation in the kidneys in the ADPKD mouse model {#Sec17}
--------------------------------------------------------------------------------------------------------------------------

To confirm the effect of GA-A on the Ras/MAPK signaling pathway in vivo, we detected key molecules, including p-ERK, ERK2, the upstream effector B-raf, and the downstream effector c-fos, in kidney tissue from the kPKD mouse model by Western blotting. The results (Fig. [5c, d](#Fig5){ref-type="fig"}) showed that GA-A treatment significantly downregulated the Ras/MAPK signaling pathway by reducing the expression of B-raf, p-ERK, and c-fos, which are usually excessively activated in ADPKD kidneys. GA-A had no detectable effect on the Ras/MAPK pathway in normal kidneys.

Cell proliferation is considered a major factor leading to cyst development in ADPKD as well. Therefore, we evaluated the effect of GA-A on the expression of PCNA, which is a marker of cell proliferation. The results showed that the PCNA level was significantly decreased by GA-A in the kidneys of kPKD mice but did not affect normal kidneys, indicating that the suppression of cellular proliferation may be involved in the effect of GA-A on ADPKD (Fig. [5c, d](#Fig5){ref-type="fig"}).

Discussion {#Sec18}
==========

The aim of this study was to determine the most effective triterpene ingredient with anti-cyst activity among the available GA monomers. To identify the active GA monomers with anti-cyst activity in ADPKD, this study used the MDCK cyst model to screen the GA monomers in GT. The candidate monomers are listed in Table [1](#Tab1){ref-type="table"}. All candidates share the same prototypical lanostane triterpenoid skeleton but have different side chains. The 12 candidates can be further specifically classified into four structural categories that represent the main structural compositions of GAs \[[@CR25]\].

The monomers in group 1 contain double bonds between C-8 and C-9, a keto group at C-23, and substituent groups at C-3, 7, 11, 12, 15, 25 corresponding to GA-A, GA-B, GA-C2, GA-D, GA-F and GA-G \[[@CR26]--[@CR29]\]. Of the six compounds in this group, GA-A exhibited the most significant inhibitory effect on MDCK cyst development at day 8, and the inhibitory effect was significantly different at day 10. GA-B did not have an effect, while GA-C2, GA-D and GA-F showed a mild inhibitory effect, which was only revealed on day 12. The effect of GA-G was slightly less than that of GA-A and greater than that of the other four compounds. Except for GA-F, the R2 substituent at C-7 and the R3 substituent at C-11 in this group of compounds were beta hydroxyl and ketone, respectively, but the anti-cyst activity varied greatly. The inhibition ratio of GA-B was as low as 3.82%, but that of GA-A was 46.66%. Furthermore, the inhibition ratio of GA-F was 21.19%, and GA-F exhibited the second best anti-cyst activity in this group.

The structure and activity analysis indicated that the substituents of C-7 and C-11 had little effect on GA activity. When comparing the structure of GA-A with that of the other five compounds, we found that the specific substituents of C-3 and C-15 seemed to make a difference. Compared with that of GA-A, the structure of GA-C2 was mainly different at R1 of C-3, while GA-C2 exhibited only mildly inhibitory effects on day 12 and had an inhibition ratio of 13.94%. Furthermore, the difference between GA-B and GA-A was that the beta hydroxyl group was replaced at C-3 and the ketone group was replaced at C-15, and GA-B showed no *in vitro* activity at all. On the other hand, the R1 substituent at C-3 of GA-F showed limited similarity with that of GA-A, and GA-F also showed mild activity, which further suggested the importance of the keto group at C-3. We speculated that the keto group at C-3 and the alpha hydroxyl group at C-15 might be necessary for anti-cyst activity.

Group 2 compounds have double bonds at C-20 and keto groups at C-11 \[[@CR30], [@CR31]\]. The MDCK cyst screening test showed no anti-cyst activity for the four monomers in group 2, and they even showed a tendency to increase cyst growth. Although these compounds were included in the studies to uncover anti-tumor effects of GA \[[@CR32]\], none of these four GA were effective in the MDCK cyst model. This result suggested the importance of the structure of the main core ring of Ganoderic acid; when C-11 was replaced by a keto group, it became inactive.

GA-DM, representing group 3, possesses double bonds between C-24 and C-25 and has a hydroxy group and no substituent at C-23 \[[@CR33]\]. There are two double bonds at C-7(8) and C-9(11) and no double bonds between C-8 and C-9 in compound GA-T of group 4 \[[@CR34]\]. GA-DM and GA-T showed significant inhibitory activity that was stronger than that of GA-F and GA-G. The main ring structure of GA-DM was the same as that in the first group, but GA-T possessed its own special structure. In terms of the structure-activity relationship of GA-T, the in vitro activity may be related to its specific characteristics and require deeper analysis. Compared with GA-A, only R1 and R4 among the GA-DM side chain groups are the same, and R6 is similar. These results indicate that when the main core group of GAs contain particular side chains, especially the keto group at C-3 and the alpha hydroxyl group at C-15, ADPKD cyst development is inhibited.

During our initial screening, GA-A stood out among the 12 purified GA monomers because of its optimal in vitro activity in the MDCK cyst model. GA-A has been found to suppress the proliferation, metastasis and adhesion of breast cancer cells, prostate cancer cells, pancreatic cancer cells, etc., in previous studies \[[@CR35]--[@CR37]\]. The mechanisms by which GA-A inhibits cell proliferation and viability and accelerates cell apoptosis mainly involve a decrease in Cdk4, which targets the STAT3 and Wnt proteins \[[@CR35]--[@CR37]\].

As GT slows cyst development via the downregulation of the Ras/MAPK signaling pathway without affecting the mTOR signaling pathway \[[@CR12]\], we evaluated the effect of GA-A on the Ras/MAPK signaling pathway in cultured MDCK cells. The experimental results showed that FSK treatment upregulated Ras/B-raf/MEK/ERK and suppressed Raf-1 significantly \[[@CR38]\]. The expression of downstream proliferation-associated genes, including Egr-1 and c-fos, was also increased. GA-A reversed all these intracellular signaling events. GA-A also downregulated the excessively activated Ras/MAPK signaling pathway in the kidneys in the PKD mouse model.

The expression of PCNA is regarded as a marker of cellular proliferation and is usually upregulated in ADPKD \[[@CR39]\]. Our results showed that GA-A also reduced the excessive activation of PCNA, suggesting that GA-A may play a role in inhibiting the abnormal proliferation of cyst epithelial cells in ADPKD.

The metabolism and pharmacokinetics of GA-A have been well studied, and GA-A is rapidly absorbed into the circulation (*t*~max~, 0.25 h) and eliminated relatively slowly (*t*~1/2~, 1.40 h) after intravenous administration in rats. The absolute oral bioavailability of GA-A was estimated to be 8.68% \[[@CR40]\]. The limitation for its use was the poor oral bioavailability, which could be improved by the use of modern formulations and pharmaceutical techniques such as nanoparticles and crystal preparations. The metabolic kinetics of the main GA-A metabolites have been investigated, and GA-C2 is the most abundant reduction product of GA-A \[[@CR41]\]. As we have discussed above, GA-C2 showed very low activity in vitro, which further emphasized the effect of GA-A itself on ADPKD. Furthermore, GA-A content accounts for more than half of *G. lucidum*, and the determination of GA-A content has been used as the scientific basis for judging the quality of *G. lucidum*; however, the specific content varies according to the differences in the origin and growth stage \[[@CR42], [@CR43]\]. Hence, GA-A shows promise in terms of its market value and production potential.

In summary, our experimental data found that GA-A, as the most promising active monomer in GT, inhibited renal cyst development. GA-A attenuated renal cyst development by downregulating the intracellular Ras/MAPK signaling pathway and inhibiting cyst epithelial cell proliferation. GA-A shows great potential for development as a novel therapeutic agent for treating PKD.
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